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Introduction {#s1}
============

In their natural habitats, most living organisms may be periodically subjected to quite intense dehydration, resulting in the state of anhydrobiosis. Organisms that can withstand anhydrobiosis possess the unique ability to temporarily and reversibly suspend their metabolism for periods when environmental conditions are unfavorable [@pone.0111138-Crowe1]. This ability is widely used, mainly in food-related and biotechnology processes that produce or use starters (stabilized microorganisms) that must be efficiently reactivated and functional upon rehydration. However, the mechanisms underlying the cell's ability to deal with dehydration are far from being fully understood.

From both the genetic and physiological point of view, yeast is a preferred organism for molecular cell biologists because it provides information that is useful in food and applied biotechnology but that is also relevant for other eukaryotes such as mammalian and plant cells [@pone.0111138-Hohmann1]. The yeast *Saccharomyces cerevisiae* has been extensively investigated and its response to dehydration has been the subject of many studies [@pone.0111138-Hohmann1]--[@pone.0111138-Poirier1]. The dehydration of industrial yeast can be achieved by either drying or freezing. During drying, dehydration occurs due to water removal, whereas during freezing, dehydration occurs due to water solidification. Drying/rehydration and freezing/thawing imply combinations of thermal (heat and cold), osmotic, mechanical and oxidation stress [@pone.0111138-Frana1], [@pone.0111138-Fu1], [@pone.0111138-Ando1]--[@pone.0111138-Lemetais1]. The contribution of each stress to the cell's response is difficult to evaluate, especially since several cell sites can be affected. The plasma membrane is known to be deeply injured: dehydration changes its fluidity [@pone.0111138-Beney1], [@pone.0111138-Guyot1] and its organization [@pone.0111138-Simonin1], [@pone.0111138-Lemetais1], [@pone.0111138-Dupont1], [@pone.0111138-Zheng1], and causes lipid peroxidation [@pone.0111138-Frana1], [@pone.0111138-Espindola1]--[@pone.0111138-Garre1]. Due to dehydration, cellular proteins can unfold, aggregate and lose their activity in an irreversible manner [@pone.0111138-Fu1], [@pone.0111138-Prestrelski1]. Dehydration can also affect cell wall assembly and further induce wall disruption [@pone.0111138-Ando1], [@pone.0111138-Levin1], thus causing cell shape alteration and cell integrity degradation. Dehydration is also thought to cause damage to DNA and nucleic acids, probably by oxidation reactions [@pone.0111138-Frana1].

Despite our incomplete knowledge about the mechanisms underlying the cell's response to dehydration, some general statements could be made concerning different microorganisms. First, cultures harvested during the stationary phase generally exhibit better survival than cultures from the log phase [@pone.0111138-Fu1]. Second, the use of a protective molecule enables the improvement of the survival of microorganisms [@pone.0111138-Fu1]. Trehalose, a non-reducing disaccharide, is a very well-known protective molecule for yeasts. It has been shown to act as an energy and carbon reserve, to mechanically stabilize proteins and membranes, to prevent oxidative damage by oxygen radicals scavenging, and to protect microorganisms from cold temperatures [@pone.0111138-Elbein1]. Recently, trehalose proved to be an efficient molecule to protect non-conventional yeast *Yarrowia lipolytica* during freeze-drying, a process combining freezing and drying [@pone.0111138-Poomska1]. Formerly known as *Candida*, *Endomycopsis* or *Saccharomycopsis lipolytica*, *Yarrowia lipolytica* is currently taxonomically assigned to the class *Hemiascomycetes* and the family *Dipodascacea* [@pone.0111138-Kurtzman1]. It is a "generally recognized as safe" (GRAS) microorganism with no adverse effect on humans and has various biotechnological applications [@pone.0111138-Madzak1]--[@pone.0111138-Fickers1] that are of great interest for the bio-industries. It is able to produce organic acids [@pone.0111138-Finogenova1], lipases [@pone.0111138-Fickers1] and heterologous proteins [@pone.0111138-Madzak1]. Its major potential is its ability to accumulate large amounts of lipids [@pone.0111138-Beopoulos1] that can be further extracted to obtain chemical products such as lubricants, adhesives and plastics, as well as biodiesel [@pone.0111138-Papanikolaou1], [@pone.0111138-Beopoulos2].

*Y. lipolytica* is physiologically very distant from *S. cerevisiae*. It is an obligate aerobe and grows as a mixture of budding cells, pseudohyphae and true hyphae [@pone.0111138-Barth1]. It has the unique ability among yeasts to metabolize hydrophobic substrates, including n-alkanes, oils, fats and fatty acids [@pone.0111138-Barth1], [@pone.0111138-Fickers2]. It is frequently isolated from different food media (cheeses, sausages, etc.), as well as from soils, sewage and natural environments such as oil fields [@pone.0111138-Barth1]. When using sequence analysis of internal transcribed spacers ITS1 and ITS2, forty *Y. lipolytica* strains showed very limited variability among strains [@pone.0111138-Naumova1]. Hence, the study of a single strain can provide interesting insights into the behavior of this species. In addition, its physiology seems closer to that of higher eukaryotes (mammals) than the conventional yeast *S. cerevisiae* in terms of its genome [@pone.0111138-Casaregola1] and the proteins involved in vesicular transport [@pone.0111138-Swennen1], thus making it an interesting model to obtain information that can be extended to the human health domain. However, to the best of our knowledge, its response to dehydration induced by air-drying and freezing has not yet been the subject of any investigation, a regrettable lack because a better understanding of this yeast species could be complementary to what is already known about *S. cerevisiae* and could thus increase our understanding of the mechanisms underlying the cell's ability to tolerate dehydration.

Flow cytometry combined with fluorescent probes is a powerful technique for the rapid analysis of single cells in a mixture by means of light-scattering and fluorescence measurements. It is commonly used to evaluate the viability [@pone.0111138-RodrguezPorrata1]--[@pone.0111138-Lpezmartnez1] and plasma membrane damage [@pone.0111138-Simonin1] of *S. cerevisiae* cells after desiccation stress, to monitor cell damage and to predict fermentation activity of dried yeasts [@pone.0111138-Attfield1], to assess the heterogeneity of heat stress response among individual yeasts [@pone.0111138-AttfieldP1], as well as to investigate the intracellular physiological events of yeast during yeast storage [@pone.0111138-Gabier1]. Compared to other analytical tools where a single value for each parameter is obtained for the whole population, flow cytometry provides data for every particle detected. Since cells differ in their physiological states, the power of this method lies both in the possibility of determining a wide range of physiological cell parameters at the level of a single cell and in the ability to obtain information about their distribution within cell populations [@pone.0111138-Daz1].

Cell metabolism and composition can also be explored using FT-IR (Fourier Transformed Infra-Red) spectroscopy, which can provide spectral fingerprints of biological macromolecules such as lipids, proteins, nucleic acids and carbohydrates, and is therefore sensitive to structural and compositional changes in tissues [@pone.0111138-Barth2], [@pone.0111138-Movasaghi1]. It has been introduced in microbiology for species identification and strain discrimination [@pone.0111138-Helm1]--[@pone.0111138-Naumann2] and is now frequently used as a very sensitive and non-destructive method to discriminate between yeasts [@pone.0111138-Adt1] and to study their biochemical changes [@pone.0111138-Galichet1], [@pone.0111138-Burattini1]. One of the strengths of FT-IR studies is that they can provide data on the metabolic status of whole cells [@pone.0111138-Corte1]--[@pone.0111138-CorreaGarca1].

Changes in the features of the infrared spectra following the progression of the cell cycle monitored via flow cytometry have been successfully investigated for myeloid leukemia (ML-1) cells [@pone.0111138-BoydstonWhite1] and rat fibroblast cells [@pone.0111138-Pacifico1]. Hence, flow cytometry and FT-IR are two powerful complementary methods to obtain a general view of metabolism. Their combination could possibly provide a clear picture of the mechanisms involved in yeast stress response.

The objective of this study was to highlight the cellular damage to *Yarrowia lipolytica* under dehydration and following large temperature changes. Cellular response was evaluated through cell cultivability determined by plate counts, esterase activity and membrane integrity assessed by flow cytometry and the biochemical composition of cells as determined by FT-IR spectroscopy. Using these complementary tools, cell plasma membrane permeabilization, protein denaturation, wall damage and oxidation of nucleic acids were shown to be involved in cell sensitivity to drying and rehydration. The benefits of harvesting in the stationary phase and of adding trehalose to improve cell resistance to drying and rehydration could also be confirmed.

Materials and Methods {#s2}
=====================

Yeast strain and materials {#s2a}
--------------------------

Yeast strain *Yarrowia lipolytica* CLIB183 was obtained from the International Center for Microbial Resources (CIRM), Grignon, France.

Glucose, glycerol, trehalose and propidium iodide were furnished by Sigma-Aldrich. Sodium chloride, sodium phosphate and aluminum plates were purchased from VWR. Yeast extract, bactopeptones, agar type E, citric acid, Chemchrome V8 (containing carboxyfluorescein di-acetate) and acetone were provided by Organotechnie, Becton Dickinson and Company, Biokar, Acros Organics, AES-Chemunex and Fisher Chemical, respectively.

Yeast growth conditions {#s2b}
-----------------------

Yeast inocula (∼10^7^ cells/mL in YDG (5 g/L Yeast extract, 10 g/L glucose (Dextrose), 20 mL/L Glycerol)) were stored at −80°C and were thawed at ambient temperature for 5 min before inoculation of the pre-culture. Pre-culture was carried out by inoculating 200 µL of cryotube into 20 mL YPD medium (10 g/L Yeast extract, 10 g/L bactoPeptones, 10 g/L glucose (Dextrose)) contained in a 50-mL Erlenmeyer flask. Cells were placed at 28°C in a thermostated orbital shaker (180 rpm) (INFORS Unitron, INFORS SARL, Massy, France) and were grown for 24 h, the time necessary to achieve the stationary phase. The pre-culture was then diluted in fresh YPD medium by a factor of 1/100, and 1 mL of the diluted suspension was inoculated into 100 mL YPD medium contained in a 500-mL Erlenmeyer flask, corresponding to the initial ∼1.5·10^4^ cells/mL. The flask was placed at 28°C on the thermostated orbital shaker (180 rpm) until harvesting. Cells were harvested at the end of the log phase growth (17.5 h culture, i.e., ∼2·10^7^ cells/mL) and in the stationary phase (41.5 h culture, i.e., ∼2·10^8^ cells/mL) ([Figure 1](#pone-0111138-g001){ref-type="fig"}). Two complete flasks were pooled for each harvesting in order to obtain enough cells for all subsequent analysis.

![Growth curves of *Yarrowia lipolytica* at 28°C in YPD and indication of harvesting times.\
Growth curves were followed by DO~650~ (black dots) and cell cultivability (gray boxes, CFU/mL).](pone.0111138.g001){#pone-0111138-g001}

Cell protection and stabilization {#s2c}
---------------------------------

For each harvesting, cell pellets were obtained by culture centrifugation (4°C, 15 557 g, 15 min). Cells were then resuspended at 0.5 g/L either in trehalose solution (10% w/v in deionized water) or saline water (8.9 g/L NaCl in deionized water) as neutral diluting medium. This led to a concentration of suspended cells at a rate of ∼2·10^8^ cells/mL for cells harvested in the log phase and ∼1·10^9^ cells/mL for cells harvested in the stationary phase. Each suspension was separated into three fractions as follows: 1.5 mL kept for colony-forming ability count and flow cytometry analysis; 1 mL introduced into a cryotube and frozen in a freezer at −80°C (IK Froilabo Artic 700, Emerainville, France) for 24 h, corresponding to a freezing rate of approximately 4°C/min; 2 mL introduced onto an aluminum plate (diameter: 44 mm) and dried in an incubator (Thermosi SR 3000, Fisher Scientific, Elancourt, France) at 37°C for 22 h. Stabilized cells were not stored. Hence, just after treatment (22 h drying or 24 h freezing), dried or frozen cells were either rehydrated in saline water (9 mL) for 30 min or thawed for 30 min at ambient temperature for analysis.

[Figure 2](#pone-0111138-g002){ref-type="fig"} summarizes the conditions analyzed for each harvesting time (either in exponential growth or stationary phase): culture, cells freshly suspended in saline water or trehalose, dried/rehydrated cells in saline water or trehalose, and frozen/thawed cells in saline water or trehalose. Cell growth, protection and stabilization were independently performed ten times for cultivability evaluation and flow cytometry analysis. Among these ten biological replicates, three were also devoted to FT-IR analysis.

![Diagram of the experimental procedure used and the analysis performed on the samples.\
Cultivability and flow cytometry analysis were performed on ten independent biological replicates. Among these ten biological replicates, three were also devoted to FT-IR analysis.](pone.0111138.g002){#pone-0111138-g002}

Cell cultivability {#s2d}
------------------

Colony-forming units (CFU/mL) were evaluated by plate counts. After serial decimal dilutions in saline water, cells were plated onto solid YPD agar (10 g/L yeast extract, 10 g/L bactopeptones, 10 g/L glucose, 15 g/L agar type E) and incubated at 28°C for 48 h before cell counting. For each condition, the result corresponded to a geometrical mean of at least three plates and was expressed as log (CFU/mL).

The cultivability loss was calculated as the difference between log (CFU/mL) before and after stabilization by drying or freezing.

Evaluation of esterase activity and membrane integrity using flow cytometry {#s2e}
---------------------------------------------------------------------------

Two fluorescent probes, carboxy Fluorescein Di-Acetate (cFDA) and Propidium Iodide (PI), were used as indicators of esterase activity and loss of membrane integrity, respectively [@pone.0111138-Daz1]. cFDA is an esterase substrate that yields the fluorescent compound carboxy Fluorescein (cF) after internalization with intact membranes and hydrolysis by cellular esterases. cF retained in the cells fluoresces green (at 530 nm) after excitation at 488 nm. The PI probe cannot penetrate within cells with intact membranes but can enter when cell membranes have been damaged, so-called loss of membrane integrity or membrane permeabilization. Inside the cells, it binds to the DNA and fluoresces red (at 615 nm) after excitation at 488 nm.

Before staining, cell suspensions were diluted in McIlvaine buffer (pH 4) to reach approximately 10^6^ cells/mL. The McIlvaine buffer is composed of 0.1 M C~6~H~8~O~7~ (citric acid) and 0.2 M Na~2~HPO~4~ (sodium phosphate). The diluted suspension (940 µL) was supplemented with 10 µL of PI solution (15 mM in distilled water) and 50 µL of Chemchrome V8 (10% v/v in acetone), and then incubated 10 min at 40°C (water bath). ChemChrome V8 was preferred to pure cFDA probe to improve the reliability of the esterase activity measurement [@pone.0111138-Daz1]. Fluorescence was measured by flow cytometry using a CyFlow Space cytometer (PARTEC SARL, Sainte-Geneviève-des-Bois, France). The cytometer was equipped with a solid blue laser, emitting at 488 nm, and four band-pass filters: a forward-angle light scatter (FSC) combined with a diode collector, a side-angle light scatter (SSC) and two fluorescence signals collected with photomultiplier tubes, a 530-nm band-pass filter (515--545) to collect green fluorescence (FL1 channel), and a 630-nm long-pass filter to collect the red fluorescence (FL2 channel). Analyses were performed using logarithmic gains and specific detector settings, adjusted on a sample of unstained cells, to eliminate cellular autofluorescence. Gating on FSC/SSC was used to discriminate yeasts from the background. Data were collected and analyzed using FloMax software (PARTEC SARL, Sainte-Geneviève-des-Bois, France). This software performed statistical data analysis and indicated numbers and percentages of stained cells determined by each detector: green, red, dual-stained or unstained. An example of raw data (case of dried/rehydrated cells harvested in the stationary phase and suspended in trehalose solution) is shown as [Figure S1](#pone.0111138.s001){ref-type="supplementary-material"} to better illustrate all of the features described above.

Cell biochemical composition assessed by Fourier Transformed Infra-Red (FT-IR) spectroscopy {#s2f}
-------------------------------------------------------------------------------------------

Infrared absorption measurements were carried out using a Nicolet Magma 750 FT-IR spectrometer (Thermo Fisher Scientific, Madison, WI, USA) equipped with a sample holder allowing measurements in transmission mode and a Nicolet Magma 550 FT-IR spectrometer (Thermo Fisher Scientific, Madison, WI, USA) equipped with a single reflection monolithic diamond Attenuated Total Reflectance (ATR) device (Heated Golden Gate ATR, Specac, Slough, England). Both spectrometers were equipped with a narrow-band mercury/cadmium/telluride (MCT) liquid nitrogen cooled infrared detector and the optical benches were continuously purged with dry air (Balston, Haverhill, MA, USA).

For infrared analyses, cells were washed twice with saline water (10 mL) and then with milliQ water (10 mL; conductivity: 6.2 MΩ cm) and finally centrifuged (4°C, 15 557 g, 5 min) to obtain a pellet that was as dry as possible to avoid contamination effects by water on the spectra. For measurements in transmission mode, the pellet was sandwiched between two CaF~2~ windows (ISP Optics, Riga, Latvia). For measurements in ATR mode, the pellet was deposited on a diamond crystal plate and the movable crystal was further placed in direct contact with the sample. In both cases, it was necessary to wait for five minutes to let the sample dry sufficiently before spectra acquisition.

For each condition, FT-IR spectra of at least three different sandwiches/deposits were recorded in each measurement mode (transmission and ATR), with 128 co-added scans encompassing the mid-IR region from 4000 to 900 cm^−1^. Such a combination of three machine replicas for each of the three biological replicas has been shown to significantly reduce the heterogeneity among results, allowing discrimination of the biological signal from the experimental error [@pone.0111138-Roscini1]. A spectral resolution of 6 cm^−1^ (one point recorded every 3 cm^−1^) was chosen: the infrared band widths analyzed are quite large (width \>20 cm^−1^) and, therefore, a spectral resolution of 6 cm^−1^ is adequate to study band intensities and shifts. Spectral display was carried out using OMNIC software (Thermo Fisher Scientific, Madison, WI, USA).

Statistical analysis {#s2g}
--------------------

### Cultivability, esterase activity and membrane integrity data {#s2g1}

Two-sample permutation tests were conducted to contrast data concerning cell cultivability, loss of cultivability, green-stained cells, red-stained cells, dual-stained cells and unstained cells. The significance of results was assessed at a 95% confidence level. Two distributions of stained cells in a population were considered to be significantly different when either green- or red-stained cells proved to be significantly different between the two populations. However, when green-stained cells from two populations were significantly different, the red-stained cells were also, and inversely. Hence, when two distributions of stained cells in a population were considered significantly different, it meant that both green- and red-stained cells were significantly different between the two populations.

The correlation between cultivability or loss of cultivability and the stained cells counted by flow cytometry was assessed through linear regression calculation together with the Spearman correlation coefficient and its *p*-value, representing the strength and the significance of the correlation, respectively.

Linear regression was performed using Excel 2007 software (Microsoft Inc., USA). Statistical tests were carried out using R 2.15.1 software [@pone.0111138-R1].

### FT-IR data {#s2g2}

In this study, Principal Component Analysis (PCA) was used as a powerful chemometric method to reveal variances or combinations of variables among multivariate data obtained by FT-IR spectroscopy. To perform PCA, raw spectra were preprocessed using a Savitzky-Golay second derivative (third-degree polynomial and nine smoothing points) [@pone.0111138-Savitzky1] and a further unit vector normalization on each region of interest: 2970--2840 cm^−1^, the CH region that provides information about cell lipids; 1715--1575 cm^−1^, the amide I region that provides information about cell proteins; and 1280--940 cm^−1^, the region that provides information about cell carbohydrates and phosphate groups [@pone.0111138-Barth2], [@pone.0111138-Movasaghi1]. PCA were carried out on preprocessed spectra to determine whether or not differences had occurred between biological repetitions and to observe which differences had occurred between samples. Spectra obtained in transmission mode were considered separately from those obtained in ATR mode to avoid supplementary processing of ATR spectra, making it possible to compare spectra obtained by the two modes [@pone.0111138-Chalmers1]. Transmission infrared revealed a better signal-to-noise ratio in the CH region (2970--2840 cm^−1^) than the ATR approach. In ATR mode, the penetration depth of the evanescent wave (dp), which extends into the sample, is proportional to the wavelength λ [@pone.0111138-Harrick1]:

where *n* and *n~0~* are the refraction indices of the sample under study and of the crystal, respectively, and is the angle of internal reflection.

This means that the evanescent wave goes deeper (dp) into the sample for the highest wavelength, explaining why ATR reveals a better signal-to-noise ratio in the amide, nucleic acid and carbohydrate regions that correspond to higher wavelengths (8--12 microns) compared to the CH region (2--3 microns). As a consequence, the results presented in the following sections will be those analyzed in transmission mode for the CH region and in ATR mode for the other regions.

Briefly, PCA were performed using nine individual spectra for each sample (three biological replicates combined with three machine replicates), obtained either in transmission mode (results in the CH region) or in ATR mode (results in the other regions). Using such a statistical analysis on individual spectra, differences between samples could be obtained. However, for the sake of clarity and conciseness, all of the score and loading plots of the PCA are not displayed. To illustrate the differences obtained, the averaged adequately preprocessed spectra are preferentially presented. The preprocessings consisted in: (i) baseline offset and linear correction, as well as vector normalization in the CH region; (ii) second-order derivative and vector normalization in the amide I region; (iii) baseline offset and vector normalization in the region of phosphate groups and carbohydrates.

The standard deviations associated with the averaged wavenumbers shown on the figures were also calculated and were not higher than 3 cm^−1^.

Unscrambler X software (version 10.2; CAMO, Norway) was used for spectra preprocessing and PCA.

Results {#s3}
=======

Yeast survival in response to drying and freezing {#s3a}
-------------------------------------------------

The cultivability of cells freshly suspended in saline water or trehalose solution and further dried/rehydrated or frozen/thawed was evaluated for cells harvested in both the log and stationary phases. Results are exposed in [Table 1](#pone-0111138-t001){ref-type="table"} in where superscript letters represent statistical contrasts between samples at the 95% level confidence. Cultivability of freshly suspended cells was 8.3 log (CFU/mL) and 9.1 log (CFU/mL) when harvested in the log and stationary phase, respectively. Cultivability losses were calculated as the differences between cell cultivability expressed in log (CFU/mL) before and after stabilization treatment.

10.1371/journal.pone.0111138.t001

###### Cell cultivability and cultivability loss (log (CFU/mL)) after drying/rehydration and freezing/thawing as a function of harvesting time (in the log or stationary phase), and use of protective medium (trehalose solution) or not (saline solution).

![](pone.0111138.t001){#pone-0111138-t001-1}

  Harvestingtime       Suspensionmedium       Treatment       Cultivability (log(CFU/mL))   Cultivability loss (log(CFU/mL))
  ------------------ -------------------- ------------------ ----------------------------- ----------------------------------
  Log phase              Saline Water           Fresh                 8.3±0.3^d^           
                                           Dried/Rehydrated           7.2±0.4^g^                       1.1±0.5^k^
                                            Frozen/Thawed             8.1±0.3^e^                       0.3±0.1^h^
                      Trehalosesolution         Fresh                 8.3±0.3^d^           
                                           Dried/Rehydrated           7.7±0.3^f^                       0.6±0.2^j^
                                            Frozen/Thawed             8.1±0.2^e^                       0.2±0.1^h^
  Stationary phase       Saline Water           Fresh                 9.1±0.3^a^           
                                           Dried/Rehydrated           8.3±0.3^d^                       0.8±0.4^j^
                                            Frozen/Thawed             8.8±0.2^b^                       0.3±0.1^h^
                      Trehalose solution        Fresh                 9.1±0.3^a^           
                                           Dried/Rehydrated           8.6±0.3^c^                       0.4±0.4^i^
                                            Frozen/Thawed             8.8±0.2^b^                       0.2±0.1^h^

Superscript letters represent statistical contrasts between samples at the 95% level confidence.

Cultivability loss of cells dried in saline water was 1.1 log (CFU/mL) and 0.8 log (CFU/mL) when harvested in the log and stationary phase, respectively, and cultivability loss of cells dried in trehalose was 0.6 log (CFU/mL) and 0.4 log (CFU/mL), respectively. Cells harvested in the stationary phase were thus significantly (*p*\<0.05) less sensitive to drying/rehydration than cells harvested in the log phase. For both harvesting phases, trehalose significantly reduced (*p*\<0.05) cultivability losses by half.

Cells exhibited low sensitivity to freezing/thawing: the cultivability loss of cells was approximately 0.2--0.3 log (CFU/mL). The samples were not significantly discriminated (*p*\>0.05), regardless of the harvesting time and the protective molecule. However, as for drying/rehydration, cells harvested in the stationary phase or suspended in trehalose solution tended to be less sensitive to freezing/thawing than cells harvested in the log phase or suspended in saline water, respectively.

Yeast esterase activity and membrane integrity in response to drying and freezing {#s3b}
---------------------------------------------------------------------------------

Two fluorescent probes, carboxy Fluorescein Di-Acetate (cFDA, green fluorescence) and Propidium Iodide (PI, red fluorescence), were used as indicators of esterase activity and loss of membrane integrity, respectively [@pone.0111138-Daz1]. The fluorescence was measured by flow cytometry after dual staining cFDA/PI of cultured cells, freshly suspended in saline water or trehalose and further dried/rehydrated or frozen/thawed. Green-stained cells reveal esterase activity without loss of membrane integrity; red-stained cells reveal no esterase activity and have lost their membrane integrity; and dual-stained-cells concomitantly reveal esterase activity and loss of their membrane integrity. [Figure 3](#pone-0111138-g003){ref-type="fig"} summarizes the cell responses to drying/rehydration and freezing/thawing in percentages for each category of stained cells, and superscript letters represent statistical contrasts between samples at a 95% level confidence.

![Flow cytometry analysis before and after stabilization treatments.\
Percentages of green-stained, red-stained, dual-stained and unstained cells of *Yarrowia lipolytica* in the population after drying/rehydration and freezing/thawing as a function of harvesting time (cultured in the log or stationary phase) and use of protective medium (trehalose solution) or not (saline water). Error bars represent experimental standard deviations. Superscript letters represent statistical contrasts between samples at the 95% level confidence.](pone.0111138.g003){#pone-0111138-g003}

Before stabilization, cultured cells and cells freshly suspended in trehalose or saline water were not significantly different (*p*\<0.05). Approximately 90% of the cells were green-stained, i.e., they revealed esterase activity without loss of membrane integrity, regardless of the harvesting phase and the suspension medium (no suspension medium (culture), saline water or trehalose solution). Concomitantly, only about 10% of the cells were dual- or red-stained, i.e., presented a loss of esterase activity and/or membrane integrity, meaning that before stabilization, the esterase activity and membrane integrity of the cells were not affected by harvesting and preparation.

After drying/rehydration in saline water, only 21% of cells harvested in the stationary phase were still green-stained, and this was even more drastically decreased to 2% for cells harvested in the log phase. The same samples exhibited 58% and 94% of red-stained cells dried/rehydrated after harvesting in the stationary and log phase, respectively. In all cases, few cells (less than 10%) were dual-stained. The low number of dual-stained cells stated that the dramatic loss of cells with esterase activity occurred concomitantly with a dramatic loss of membrane integrity of these cells. However, harvesting in the stationary phase limited these effects (*p*\<0.05). Cells dried in trehalose were also affected but to a lesser extent: when harvested in the stationary phase, 59% of cells were green-stained after drying/rehydration (concomitantly, 22% were red-stained), and this was decreased for cells harvested in the log phase, in which case 17% of the cells were green-stained (and 66% red-stained). The protective effect of trehalose could thus be seen in terms of the preservation of both esterase activity and membrane integrity (*p*\<0.05).

On the contrary, freezing did not significantly (*p*\>0.05) affect the esterase activity and membrane integrity of cells, with a conservation of more than 90% of green-stained cells after freezing/thawing. Only cells frozen in saline water and harvested in the log phase showed a significant (*p*\<0.05), though slight, difference with 82% of green-stained cells and 5% of red-stained cells.

We then investigated whether or not cell cultivability and cultivability losses could be correlated to the numbers of stained cells counted by flow cytometry. Due to the very low number of dual-stained cells obtained in the samples, their inclusion with green- or red-stained cells did not change the obtained correlations, which are presented in [Table 2](#pone-0111138-t002){ref-type="table"}. The green-stained cells (in log (cells/mL)) were compared to the cultivable cells (log (CFU/mL)). A strong positive (ρ = 0.85) and significant (*p* = 2·10^−16^) correlation was obtained. The slope of the linear regression log (green-stained cells) = 0.97·log (CFU/mL) was close to 1, meaning that the number of green-stained cells counted by flow cytometry was very close to that of the colony-forming units. This highlighted the fact that esterase activity preservation measured using cFDA staining was a reliable indicator of cell cultivability.

10.1371/journal.pone.0111138.t002

###### Statistical correlations between the stained cells counted by flow cytometry and the cultivable cells determined by plate counts.

![](pone.0111138.t002){#pone-0111138-t002-2}

                                                             Spearman coefficient   Linear regression  
  --------------------------------------------------------- ---------------------- ------------------- ------------
  log(green-stained cells) = f (log (CFU/mL))                        0.85               2•10^−16^       y = 0.97 x
  log(red-stained cells) = f (log (loss of CFU/mL))                  0.46               1•10^−5^        y = 0.90 x
  log(red-stained+lysed cells) = f (log (loss of CFU/mL))            0.36               1•10^−3^        y = 1.04 x

Green-stained cells are compared to cultivable cells. Red-stained cells and cells missing in the total number of cells before and after treatment (lysed cells) are compared to lost cultivable cells.

The red-stained cells (in log (cells/mL)) were compared to the losses of cultivable cells, calculated as the differences between cell cultivability before and after stabilization treatment (in log (CFU/mL)). A positive (ρ = 0.46) and significant (*p* = 1·10^−5^) correlation was obtained. The linear regression was log (red-stained cells) = 0.90·log (loss of CFU/mL), meaning that the number of red-cells counted by flow cytometry was lower than the loss of the colony-forming units after the drying/rehydration or freezing/thawing process. However, the total cell concentration counted by flow cytometry was lower after the treatment than before, suggesting that some cells suffered lysis and were no longer countable by flow cytometry after treatment. The difference in the total number of cells before and after treatment counted by flow cytometry was calculated to estimate the number of lysed cells during the treatment. This number of lysed cells was added to the number of red-stained cells to be compared to the losses of cultivable cells ([Table 2](#pone-0111138-t002){ref-type="table"}). A positive (ρ = 0.36) and significant (*p* = 1·10^−3^) correlation was also obtained. The slope of the linear regression log(red-stained+lysed cells) = 1.04·log (loss of CFU/mL) was close to 1, confirming that these lysed cells were the cells lacking in the previous correlation. Such results suggest that membrane permeabilization measured using PI staining on cells that did not suffer lysis was a suitable indicator of cell cultivability loss.

FTIR spectroscopy assessment of biochemical composition in response to drying and freezing {#s3c}
------------------------------------------------------------------------------------------

### In the CH region (2970--2840 cm^−1^) {#s3c1}

The spectral range from 2970 to 2840 cm^−1^, attributed to the C--H stretching vibrations, was investigated to identify differences in lipid composition between samples. The lipid contents and the chemical structure of these compounds can be evaluated in this range using peak frequencies at 2956 cm^−1^ (asymmetric stretching vibration of CH~3~ of acyl chains), 2922 cm^−1^ (asymmetric stretching vibration of CH~2~ of acyl chains), 2874 cm^−1^ (symmetric stretching vibration of CH~3~ of acyl chains) and 2852 cm^−1^ (symmetric stretching vibration of CH~2~ of acyl chains) [@pone.0111138-Movasaghi1]. Lipids can come from cell membranes and from intracellular droplets.

The spectra obtained for cells harvested either in the log or stationary phase and suspended either in saline water or in trehalose solution were submitted to PCA. The resulting score plot ([Figure 4A](#pone-0111138-g004){ref-type="fig"}) shows the samples (a point represents a sample) plotted in a relevant sub-space determined by principal components PC1 and PC2. Similar samples are grouped together and the score plot is a simple view of the significantly different groups. Although PC1 explained 77% of the variance between data, the samples separated by PC1 did not correspond to different treatments or repetitions. Consequently, PC1 probably represents the biological inter-variability between samples without significance. Following the PC2 axis, the group of cells harvested in the log phase was clearly separated from the group of cells harvested in the stationary phase. However, the points representing the spectra of cultured cells, suspension in saline water or trehalose were not separated (i.e., significantly different) from each other.

![FT-IR analysis in the CH region of fresh cells.\
Analysis of the 2970--2840 cm^−1^ region of spectra obtained for cells freshly harvested in the log (gray markers and line) or the stationary (black markers and line) phase, directly from culture (dots) and suspended in saline water (boxes) or trehalose (triangles). (A) Score plot of the Principal Component Analysis. (B) Averaged spectra, baseline offset and linearly corrected as well as vector-normalized before being averaged.](pone.0111138.g004){#pone-0111138-g004}

[Figure 4B](#pone-0111138-g004){ref-type="fig"} presents the averaged spectra of all spectra obtained for cells freshly harvested either in the log or stationary phase. These spectra have been baseline-corrected (offset and linear correction) and vector-normalized before being averaged. The bands ascribed to stretching vibrations of CH~3~ of acyl chains (symmetric: 2874 cm^−1^; asymmetric: 2956 cm^−1^) were more intense for cells harvested in the log phase than for cells harvested in the stationary phase. In contrast, the bands ascribed to the stretching vibrations of CH~2~ of acyl chains (symmetric: 2852 cm^−1^; asymmetric: 2922 cm^−1^) were more intense for cells harvested in the stationary phase than for cells harvested in the log phase. It has been suggested that the intensity of these last two bands was positively related to the amount of lipids in bacterial cells of *Bacillus stearothermophilus* and *Acetobacter aceti* [@pone.0111138-Ede1].

The same analysis has been done for cells after drying/rehydration and freezing/thawing, in comparison with freshly harvested cells. All features described above were maintained after both stabilization treatments, and no further differences could be observed in comparison with fresh cells (results not shown).

### In the amide I region (1715--1575 cm^−1^) {#s3c2}

The amide I region has been extensively studied in biology due to the information it can provide about protein structure [@pone.0111138-Barth2]. [Figure 5](#pone-0111138-g005){ref-type="fig"} presents the averages of second-order derivative spectra that have been vector-normalized, i.e., the preprocessed spectra that have been submitted to PCA to reveal differences between samples. Second-order derivatives enhance spectral features such as shoulders and peak shifts. The minima of these derivatives represent the positions of the maxima of corresponding bands on raw spectra. No difference was found between spectra of freshly harvested cells, regardless of the harvesting time (log or stationary phase) or the suspension medium (culture without suspension medium, saline water or trehalose solution), so their spectra were pooled to illustrate the results. Fresh cells presented strong bands at 1653 and 1633 cm^−1^, which are described in the literature as being features of α-helix and β-sheets structures, respectively [@pone.0111138-Barth2]. Spectra of frozen/thawed cells did not present any significant difference with spectra of fresh cells either ([Figure 5](#pone-0111138-g005){ref-type="fig"}). Spectra of dried cells also exhibited these bands. The peak at 1653 cm^−1^ was comparable but the peak at 1633 cm^−1^ was slightly downshifted until 1630 cm^−1^, concomitant with the appearance of a shoulder at 1693 cm^−1^. Such downshift and shoulder appearances have been reported to reveal an increase in the number of β-sheets in the cell proteins and in the number of strands in the β-sheets, linked to protein denaturation [@pone.0111138-Barth2]. Interestingly, dried/rehydrated cells harvested in the log phase and suspended in saline water were featured by a downshift until 1625 cm^−1^ and a more marked shoulder at 1693 cm^−1^, which means that cells proteins were more affected subsequent to such treatments than subsequent to the other ones (suspension in trehalose, harvesting in stationary phase, freezing).

![FT-IR analysis in the amide I region before and after stabilization treatments.\
Averaged second-order derivative and vector-normalized spectra in the 1715--1575 cm^−1^ region of all spectra obtained for freshly harvested cells (solid line) and further dried/rehydrated (dashed line) or frozen/thawed (dotted line). The specific behavior of dried/rehydrated cells after harvesting in the log phase and suspended in saline water (dashed-dotted line) can be observed (dashed line).](pone.0111138.g005){#pone-0111138-g005}

### In the region of phosphate groups and carbohydrates (1280--940 cm^−1^) {#s3c3}

Strong contrasts were found in the region of phosphate groups and carbohydrates. PCA revealed that cells harvested in the log or stationary phase presented significant differences, as well as dried/rehydrated cells in comparison with fresh cells. [Figure 6](#pone-0111138-g006){ref-type="fig"} shows the averaged spectra baseline offset and vector-normalized for all conditions. Since no differences were evidenced by PCA between cells suspended either in trehalose solution or in saline water, their spectra were pooled for each condition. Cells freshly harvested in the log phase presented more intense bands at 1240 and 1080 cm^−1^, as well as a larger shoulder at 970 cm^−1^ than cells harvested in the stationary phase ([Figure 6](#pone-0111138-g006){ref-type="fig"}). Many authors attributed these bands to symmetric (970 and 1080 cm^−1^) and asymmetric (1240 cm^−1^) stretching vibrations of the phosphate groups of nucleic acids [@pone.0111138-Movasaghi1]. In contrast, cells harvested in the stationary phase presented a more intense band at 1025 cm^−1^ than cells harvested in the log phase ([Figure 6](#pone-0111138-g006){ref-type="fig"}). This band has been ascribed to vibrational frequency of -CH~2~OH and to the C-O stretching vibration coupled with C-O bending of the C-OH groups of carbohydrates (glucose, fructose, glycogen) [@pone.0111138-Andrus1]--[@pone.0111138-Corte2]. Since the yeast cell wall is composed of carbohydrates (mainly glucanes), this band could be attributed to the cell wall contribution to the spectra, as already seen at 1027 cm^−1^ for bacterial isolated walls, as well as intact bacteria in the case of *Bradyrhizobium japonicum* [@pone.0111138-Zeroual1].

![FT-IR analysis in the region of phosphate groups and carbohydrates before and after stabilization treatments.\
Averaged spectra in the 1280--940 cm^−1^ region of all spectra obtained for freshly harvested cells (solid lines) either in the log (gray lines) or stationary (black lines) phase and further dried/rehydrated (dashed lines) or frozen/thawed (dotted lines). Spectra have been baseline offset and vector-normalized before being averaged.](pone.0111138.g006){#pone-0111138-g006}

Drying/rehydration of cell spectral features did not change at 1240 cm^−1^, but the band at 970 cm^−1^ was lower than in fresh cells, thus corroborating nucleic acid injury. Moreover, a strong erosion of the 1055--1080 cm^−1^ region appeared ([Figure 6](#pone-0111138-g006){ref-type="fig"}). It has been suggested that such an erosion effect was indicative of oxidative damage to DNA [@pone.0111138-Andrus1], [@pone.0111138-Malins1]. Drying/rehydration also induced a decrease of the band at 1025 cm^−1^ ([Figure 6](#pone-0111138-g006){ref-type="fig"}), suggesting that the cell wall was also affected by the treatment.

In contrast, freezing/thawing did not change spectral features ([Figure 6](#pone-0111138-g006){ref-type="fig"}).

Discussion {#s4}
==========

This paper aimed at highlighting cellular damage to *Yarrowia lipolytica* as a result of dehydration. The effects of the harvesting time (in the log or stationary phase) and of the addition of a protective molecule, trehalose, were investigated in response to drying/rehydration and freezing/thawing. Cellular response was evaluated through cell cultivability determined by plate counts, esterase activity and membrane integrity assessed by flow cytometry, and the biochemical composition of cells as determined by FT-IR spectroscopy.

Fresh cells {#s4a}
-----------

Freshly harvested cells revealed esterase activity and no membrane permeabilization. No effect of trehalose addition could be observed. FT-IR analysis did not evidence any difference in the cellular protein conformation of fresh cells but, instead, provided complementary information. Cells harvested in the log phase contained more nucleic acids than cells harvested in the stationary phase. It has already been reported that spectral contributions of nucleic acids increased in cells during proliferation [@pone.0111138-BoydstonWhite1], [@pone.0111138-Pacifico1], [@pone.0111138-Chiriboga1], [@pone.0111138-Krafft1]. This could be explained by a combination of an increased nucleus-to-cytoplasm ratio and/or by a greater amount of measurable nucleic acids due to less condensed chromatin during replication [@pone.0111138-Chiriboga1]. Conversely, freshly harvested cells in the stationary phase displayed higher wall spectral contribution than cells harvested in the log phase. This seems consistent with the evidence that cells in the stationary phase have thicker walls than cells in the log phase [@pone.0111138-Smith1]. In the CH region, which represents lipid composition [@pone.0111138-Movasaghi1], cells exhibited significant variability. Despite this variability, the CH~2~ spectral contributions were higher for cells harvested in the stationary phase than for cells harvested in the log phase, whereas it was the contrary in the case of CH~3~ spectral contributions. This suggests that cells in the stationary phase contain longer lipid chains than cells in the log phase, which is consistent with the ability of *Y. lipolytica* to produce and store long-chain lipids in the stationary phase [@pone.0111138-Papanikolaou1]. Contradictory results have been obtained in the case of *B. stearothermophilus* and *A. aceti*, i.e., with a maximum lipid content during the exponential growth phase [@pone.0111138-Ede1]. However, these two bacteria are not able to produce and store long-chain lipids in the stationary phase, perhaps explaining the observed difference with *Y. lipolytica*.

Frozen/thawed cells {#s4b}
-------------------

When fresh cells were compared to frozen/thawed cells, no clear and significant differences could be found in their cultivability, membrane integrity, esterase activity or infrared spectral features. However, the differences stated above between fresh cells harvested in the log and stationary phases (lower nucleic acid content and thicker walls, as well as longer lipid chains observed in FT-IR for cells in the stationary phase) were kept after freezing/thawing. Previous studies on *S. cerevisiae* have shown that freezing at a cooling rate lower than 10--20°C/min prevents the formation of intracellular ice and thus preserves cell viability after thawing [@pone.0111138-Mazur1], [@pone.0111138-Seki1]. In this study, *Y. lipolytica* cells were frozen at approximately 4°C/min. It can thus be hypothesized that cells were frozen/thawed in favorable operating conditions, explaining their similarity to fresh cells.

Dried/Rehydrated cells {#s4c}
----------------------

The differences observed between fresh cells harvested in the log and stationary phases were still observed after drying/rehydration. Moreover, this quite drastic treatment induced other contrasted differences in plasma membrane, cellular proteins, nucleic acids and cell wall.

### Membrane permeabilization {#s4c1}

Membrane permeabilization measured by PI staining proved to be correlated to cultivability loss, highlighting the crucial role of membranes in the resistance to dehydration/rehydration. The permeabilization was lower for cells harvested in the stationary phase than in the log phase, and also for cells suspended in trehalose solution than in saline water, regardless of the harvesting time. In accordance with previously reported studies, cells in the stationary phase have more resistant membranes than actively dividing cells that contain budding yeasts [@pone.0111138-Fu1]. On the other hand, the protective effect of trehalose on the membrane has frequently been observed [@pone.0111138-Elbein1]; trehalose is able to interact with phospholipid polar head groups, providing steric reinforcement, especially following water removal. However, FT-IR measurements in the CH region that represents lipid composition [@pone.0111138-Movasaghi1] did not make it possible to observe any effect in this study. This can be ascribed to the contribution of other membranes (nucleus, mitochondria, etc.) present in *Y. lipolytica* cells, which may be less affected by dehydration. Furthermore, it is an oleaginous yeast, i.e., capable of accumulating lipid droplets that are not necessarily affected by dehydration. Contrary to PI staining, which is membrane-specific, the FT-IR spectroscopy measurement is a global measurement. Consequently, all cell lipids are estimated together. If only the plasma membrane is affected, this can explain why it was not revealed by FT-IR measurement (fall short).

### Protein damage {#s4c2}

Loss of esterase activity was observed concomitant with protein denaturation, suggesting that protein denaturation was linked to esterase activity loss. Proteins from cells harvested in the log phase and suspended in trehalose solution were less affected than those from cells in saline water. This suggests a protective effect of trehalose on proteins during drying/rehydration. This is consistent with a well-known action mode of trehalose, enabling it to preserve protein structures by replacing water removed during dehydration [@pone.0111138-Elbein1]. Cells harvested in the stationary phase were less affected than in the log phase. The protective effect of trehalose on esterase activity preservation was also significant, but concomitant preservation of protein conformation could not be observed in the stationary phase. This result can be explained by either the preservation of protein conformation or an insufficient FT-IR sensitivity for detecting a low degree of protein denaturation. Such result highlights the complementarities of flow cytometry and FT-IR spectroscopy for investigating the state of cell proteins.

### Nucleic acids injury {#s4c3}

A strong erosion effect appeared on nucleic acid bands at 1055--1080 cm^−1^ after drying/rehydration. Similar erosion has been observed in spectra of oxidatively damaged DNA from breast cancer cells [@pone.0111138-Malins1]. Such effects on malignant non-Hodgkin's lymphoma cells spectra were also attributed to oxidative DNA damage [@pone.0111138-Andrus1]. It has already been reported that drying and rehydration induced oxidative stress and damage to nucleic acids in plants [@pone.0111138-Frana1]. Hence, our findings support the correlation between erosion of the 1055--1080 cm^−1^ region and oxidative damage to nucleic acids. Neither a change in the harvesting time nor the addition of trehalose could prevent this injury. In the literature, the protective effect of trehalose against oxidative damage has been suggested for *S. cerevisiae* [@pone.0111138-Elbein1], but was not confirmed in this study. *Y. lipolytica* may be more sensitive to oxidation than *S. cerevisiae* due to its strictly aerobic metabolism that thus produces many reactive oxygen species in its respiratory chains. Interestingly, the behavior of *Y. lipolytica* seemed closer to the behavior of human cells (breast cancer and non-Hodgkin's lymphoma) than to that of *S. cerevisiae*. It has already been suggested that the physiology of *Y. lipolytica* was closer to that of higher eukaryotes (mammals) than the conventional yeast *S. cerevisiae* with regard to its genome [@pone.0111138-Casaregola1] and the proteins involved in vesicular transport [@pone.0111138-Swennen1]. However, a full study devoted to proving such a similarity with regard to oxidative response to drying/rehydration would be necessary. Such a study could consider the possibility of *Y. lipolytica* as a good model for mammal stress response, especially because oxidative stress on DNA has been shown to be strongly involved in human cancer [@pone.0111138-Kardeh1] and neurodegenerative diseases [@pone.0111138-Gan1].

### Wall damage {#s4c4}

The cell wall was affected, independently of the harvesting time. This can easily be explained by mechanical constraints that the cell has to cope with during dehydration and rehydration [@pone.0111138-Ando1], [@pone.0111138-Levin1]. Trehalose also failed to prevent this damage.

Conclusions {#s5}
===========

This study provided insights into *Y. lipolytica*'s cellular response to dehydration and established the basis to better understand its ability to tolerate anhydrobiosis. It would be particularly useful to further investigate protein alteration as a key mechanism for explaining cell damage following dehydration/rehydration. Flow cytometry and FT-IR spectroscopy provided complementary information about membrane permeabilization, protein denaturation, and the degradation of cell wall and nucleic acids, thus allowing better explanations of the mechanisms involved in cell injury during drying and rehydration. Esterase activity was clearly related to the preservation of protein conformation and appeared as a suitable indicator of cell survival. Whereas trehalose made it possible to reduce cultivability losses at the log phase by preserving protein conformation, its protective mechanism in the stationary phase still needs to be elucidated. More in-depth investigation of the cellular response to oxidative stress in comparison to mammalian cells also appears to be of major interest.

Supporting Information {#s6}
======================

###### 

**Example of flow cytometry raw data.** Case of dried/rehydrated cells harvested in the stationary phase and suspended in trehalose solution. (A) Parameter check on unstained cells: FSC and SSC measurements define gating region R1, and cells autofluorescence is eliminated from regions RN1 (green fluorescence) and RN2 (red fluorescence) by adjusting gain parameters (as seen by the surrounding solid gray line). (B) Analysis of stained cells: all parameters defined in (A) are kept and compensation parameters (as seen by the surrounding dotted gray line) are introduced to correct the influence of red fluorescence on green fluorescence. All parameters seen by gray surroundings on (A) and (B) remain constant, regardless of the sample under analysis. For each analysis (B), the percentages of green-stained, dual-stained, red-stained and unstained cells are observed on the FL2 = f (FL1) graph and the values are extracted from the table below the graph (as seen by the surrounding solid black line). These values are the ones used for statistical analysis and shown on [Figure 3](#pone-0111138-g003){ref-type="fig"}.
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Click here for additional data file.
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